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GATA-3 is essential for murine embryonic development, but elucidating the genetic controls over the complex temporal
and tissue-specific transcriptional regulatory pattern of this transcription factor gene has been problematic. Here we report
the isolation and characterization of two yeast artificial chromosomes (YACs) bearing the murine GATA-3 gene. Ordered
deletions of both YACs show that they define a 1-megabase pair contig spanning the GATA-3 locus. We found that a 120-kb
YAC transgene, including 35 kb of 5* as well as 60 kb of 3* flanking sequence, confers normal GATA-3 expression at sites
not revealed previously through analysis of plasmid transgenic lines. However, even this 120-kb YAC does not contain
sufficient information to recapitulate the complete GATA-3 expression program during embryogenesis. While not complete
in its regulatory capacity, the YAC transgene is nonetheless able to complement several homozygous GATA-3 mutant
phenotypes and thereby prolong embryonic life. © 1998 Academic Press
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INTRODUCTION
GATA-3 belongs to an evolutionary conserved family of
transcription factors that have been shown to be individu-
ally indispensable for embryonic development (Pevny et al.,
1991; Tsai et al., 1994; Pandolfi et al., 1995; Molkentin et
al., 1997). GATA-3 was one of the original proteins that
defined the GATA factors as a related gene family
(Yamamoto et al., 1990), which has expanded to now
include at least six vertebrate members (Arceci et al., 1993;
Lavernere et al., 1994). All of these factors share a highly
conserved C4 zinc finger DNA binding motif (Yamamoto et
al., 1990; Martin and Orkin, 1990; Merika and Orkin, 1993;
Ko and Engel, 1993), characteristic of steroid hormone
receptor superfamily gene regulatory proteins. The GATA
factors are more divergent outside of this highly conserved
DNA binding domain (Yamamoto et al., 1990).
The expression patterns of the GATA factors are diverse.
GATA-3 is expressed in a tissue distribution profile that is
intermediate between the extremes exemplified by
GATA-1 and GATA-2 (i.e., it is more tissue restricted than
GATA-2, but less so than GATA-1), and is the only family
member expressed in T lymphocytes (Yamamoto et al.,
1990). Furthermore, GATA-3 is often expressed in an over-
lapping tissue pattern with GATA-2 (e.g., in the central
nervous system and placenta; Kornhauser et al., 1994; Ng et
al., 1994; Steger et al., 1994), as are GATA-1 and GATA-2 in
several hematopoietic lineages (Leonard et al., 1993a,b).
In situ hybridization experiments first indicated that the
GATA-3 mRNA is stringently controlled in both a tempo-
rally and spatially precise manner during early embryonic
development (Oosterwegel et al., 1992; George et al., 1994).
Prior to embryonic day (e) 8.5, GATA-3 mRNA is expressed
at very low levels if at all in the embryo itself, but it is
abundant in the ectoplacental cone. Over the course of the
next several days of embryonic development, GATA-3
mRNA increases and subsequently declines at many dis-
tinct anatomical sites; by midembryogenesis, GATA-3-
expressing cells become highly restricted to specific organs
and tissues (most abundantly in the central and peripheral
nervous systems and in the kidney and adrenal gland).
Study of GATA-3 transcriptional regulation began with
the cloning of the murine and human cDNAs (Ko et al.,
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1991; Ho et al., 1991; Joulin et al., 1991; Marine and
Winoto, 1991) followed by characterization of the genomic
mouse locus in four overlapping bacteriophage clones
(George et al., 1994). These described the entire coding
region of the mGATA-3 structural gene (23 kb), as well as
approximately 12 kb of 59 and 8 kb of 39 flanking sequence.
In that study, we also showed that transient transfection of
GATA-3 reporter gene plasmids into established cell lines
was not particularly enlightening for revealing the presence
of transcriptional control elements, and therefore we aban-
doned that strategy in favor of examining gene expression in
transgenic animals, which was immediately more informa-
tive (George et al., 1994). Subsequent observations revealed
that while a number of discrete local regulatory elements
(i.e., sequences surrounding the promoter) controlling
GATA-3 transcription could be identified through transgen-
esis, the regulatory elements identified in this manner were
unable to fully recapitulate the wild-type GATA-3 expres-
sion pattern (Lieuw et al., 1997).
Yeast artificial chromosomes provide a means of ana-
lyzing transcription units as a part of large, contiguous
fragments of genomic DNA. Furthermore, the transfer
of YACs into the mouse germ line by pronuclear injec-
tion has recently proven to be quite useful for gene reg-
ulatory studies (Gaensler et al., 1993; Peterson et al.,
1993; Schedl et al., 1993; Bungert et al., 1995; Liu et al.,
1997). Here we report the isolation of two YACs bear-
ing the GATA-3 gene that are shown to represent contig-
uous, nonchimeric segments of the locus on chromosome
2. We characterized the YACs by generating ordered B1
deletion mutants and by producing restriction enzyme
maps with enzymes that recognize rare sites in genomic
DNA. These maps define an approximately 1-megabase
pair (Mb) YAC contig spanning the mouse GATA-3 locus.
We also tested the possibility that a 120-kb YAC contain-
ing the gene might also have sufficient sequence infor-
mation to accurately regulate GATA-3 transcription.
Mice bearing this 120-kb mGATA-3 YAC, after insertion
of a lacZ gene at the translation initiation site for
GATA-3, expressed the transgene in well-documented
sites known to express GATA-3. However, this 120-kb
YAC was not expressed in several additional tissues that
are also known to express this transcription factor, im-
plying that sequences regulating the GATA-3 gene are
not present in this YAC. While this YAC (without in-
serted lacZ sequences) is able to prolong embryonic life
and complement several of the mutant phenotypes, it is
unable to overcome the embryonic lethality of GATA-3
homozygous gene-targeted mutants. These results sug-
gest that transcriptional control elements that regulate
GATA-3 patterning in several tissues (e.g., in some neu-
ral crest and derivative lineages, thymus, and kidney)
may be located far from the structural gene, and that one
or more of these is also required for further embryonic
survival.
MATERIALS AND METHODS
Isolation of mGATA-3 Yeast Artificial
Chromosomes
The libraries representing inbred mouse strains C57BL/6 and
C3H were obtained from the ICRF; they are now maintained as the
Reference Library Database at the Max-Planck Institute for Mo-
lecular Genetics, Berlin–Dahlem, Germany. The GATA-3 YACs
were isolated from the two libraries (Herrmann et al., 1990; Larin
et al., 1991) cloned in Saccharomyces cerevisiae strain AB1380
(MATa, ade2-1, can1-100, lys2-1, trp1, ura3, his5-u) using vector
pYAC4, and were uniquely designated as clones ICRFy902H125
and ICRFy903F1113. The initial screening was carried out using a
probe that gave a low background signal in mouse genomic
Southern blots (probe N/R1, representing sequences from 24500 to
2308 relative to the transcriptional start site; George et al., 1994;
Lieuw et al., 1997). This probe was used to screen filters containing
the two YAC libraries in a hybridization solution containing 7%
SDS, 0.5 M Na phosphate, 1% BSA, 1 mM EDTA, and 0.1 mg/ml
yeast tRNA. The probe was used at a final concentration of
approximately 106 cpm/ml. The blot was hybridized overnight and
washed three times in 40 mM sodium phosphate, pH 7.2, plus 0.1%
SDS for 15 min each at 65°C. YAC colonies were maintained on
plates containing yeast synthetic media lacking tryptophan and
uracil (Guthrie and Fink, 1991).
B1 Repeat Homologous Recombination Yeast
Vectors
The YAC fragmentation vectors were kindly provided by Dr. J.
Edmondson, Columbia University Medical School (Emanuel et al.,
1995). The vectors contain a 130-bp mouse B1 repetitive sequence
in both orientations, named PBIF and PBIR, containing the yeast
LYS2 selection marker. The plasmids were linearized with SalI and
transformed into yeast containing the B or C YACs (Becker and
Guarente, 1991), and selected on plates lacking lysine and trypto-
phan. A separate transformation was performed with a modified
pBIF and pBIR which also contained the puromycin gene, directed
by the phosphoglycerate kinase (PGK) promoter for possible later
use in tissue culture experiments. The vectors simultaneously
introduce a different yeast selectable marker (LYS2) than that
present in the parental YAC clones (URA3). Transformant colonies
were replica plated on media lacking tryptophan and lysine and
onto plates lacking tryptophan, lysine, and uracil to identify
recombinants. Proper recombinants result in a Trp1,Lys1,Ura2
genotype, whereas random integrations or reversions resulted in a
Trp1,Lys1,Ura1 genotype. The Lys1, Trp1, Ura2 colonies were
maintained on lys2/trp2 synthetic media, and the size of each
deletion clone was analyzed by pulse field gel electrophoresis
(PFGE).
Genomic Probes
The left vector arm probe (designated by an “L*”, Fig. 2A) is a
1.8-kb EarI fragment from pBR322, representing the ampicillin
resistance gene and origin of replication sequences. The right
vector arm probe (designated “R*”) is a 1.7-kb BamHI/PvuII
fragment from pBR322 representing the tetracycline gene. The 59N
probe (designated “59N*” in Fig. 2A) is a 1.9-kb NotI/HindIII
fragment ( George et al., 1994) representing sequences 6.5 to 4.5 kb
flanking and 59 to the NotI site in the GATA-3 locus. The 39 probe
452 Lakshmanan et al.
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
(designated “9N*”, Fig. 2A) is a 1.8-kb NotI/BamHI fragment
representing sequences from 24.5 to 22.8 kb, immediately 39 to
the NotI site
Probes p138*, p143*, p131*, and p125* (Fig. 2A) were derived as
follows. The YAC B1 repeat deletion subclones designated B138,
B125, B131, and B151 (Fig. 2B) were used to clone genomic DNA
fragments containing sequences adjoining the YAC vector arm
introduced by the B1 repeat subcloning. One of the multiple
cloning sites in the newly introduced YAC vector arm (SacI) was
used to digest yeast DNA bearing one of the YAC subclones. The
digested DNA was then ligated to reform circular molecules and
then used to transform bacteria, where only the SacI-digested and
ligated end fragments, containing the ampicillin resistance gene as
well as mouse genomic DNA bordering the vector arm, would grow
on ampicillin. Multiple restriction fragments from each of the
recovered end fragment plasmid subclones were then used to probe
mouse genomic DNA. The probes that gave the least background
were selected for use in Southerns: p138* is a 700-bp PstI/BglII
fragment, p143* is a 800-bp HpaI fragment, p131* is a 1.5-kb
BamHI fragment and p125* is BglII/EcoRV 1.3-kb fragment. These
fragments were used as probes in Southern blots to compare the
YAC structure with the endogenous locus in NotI and SfiI restric-
tion digests (Figs. 2C and 2D).
LoxP and LacZ Targeting Vectors, Cre Expression
Vector, and Yeast Transformation
The loxP targeting vector was generated as follows: ploxp NeoI
(gift from Dr. A. Nagy, Toronto) was digested with EcoRI and NotI.
Blunt ends were generated with Klenow polymerase (NEB) and
religated with DNA ligase (NEB) to create ploxp NeoII. Then the
HindIII, BamHI (blunt) fragment containing exon 2 (from GATA-3
subclone R1.3; George et al., 1994) was cloned into the HindIII,
XbaI (blunt) sites of ploxp Neo II to create ploxp GATA-3 Ex-2 in
which the directly repeated loxP sites flanked exon 2 of GATA-3.
Plasmid R1.3(George et al., 1994) was digested with EcoRI and BglII
and the resulting GATA-3 fragment (containing exon 1, intron 1,
exon 2, and part of intron 2 was cloned directionally into the EcoRI
and BglII sites of plasmid YIP5, which contains the URA3 selection
marker (NEB). The resulting plasmid (YIP5 GATA-3) was digested
with HindIII and BamHI to remove the GATA-3 exon 2 in the
plasmid. Finally, this YIP5 GATA-3 vector lacking exon 2 was
ligated to the HindIII/BamHI fragment containing loxP sites flank-
ing exon 2 obtained from ploxp GATA-3 Ex-2 to create loxP YIP
(Fig. 3A).
The lacZ YIP targeting vector was generated by digesting the
plasmid 2300 placZ (Lieuw et al., 1997) with EcoRI and BglII to
isolate an insert with both 59 and 39 sequence homology to the
GATA-3 gene transcriptional start site, having previously inserted
the lacZ gene in frame at the mGATA-3 translational initiation
codon. The insert was ligated into the EcoRI, BamHI sites of yeast
integrative plasmid YIP5 to create lacZ YIP. The resulting targeting
vectors loxP YIP, lacZ YIP were digested with SpeI to target
homologous integration to the SpeI site present in the second
intron of mGATA-3 and were finally transformed into yeast
containing YAC subclones C4, C6, C11, B124, and B125 (Results).
To remove the PstI site in the 59 polylinker the PGK-neo vector
was digested with BamHI and EcoRI, and blunt ends were created
with Klenow polymerase (NEB) and religated. The resulting plas-
mid PGK-neo II was digested with PstI and PstI blunt ends were
generated with T4 DNA polymerase (NEB). The fragment contain-
ing the PGK promoter was isolated and ligated to a Cre gene
fragment obtained from the digestion of pBS 185 with XbaI. This
plasmid was called PGK-cre. The PGK-cre fragment was isolated
from this plasmid by digesting the plasmid with XbaI and HindIII.
This fragment was then ligated directionally into the XbaI/ HindIII
restriction enzyme sites of pRS 306 to create PGK-cre (URA3). This
plasmid was transformed into the loxP mGATA-3 YACs and the
transformed colonies were plated on uracil-deficient plates to
determine the activity of the loxP sites in the YACs.
Yeast transformations were carried out using 1 mg of linearized
plasmid DNA with a Bio-Rad electroporator applying 1.5 kV, 200
ohm, and 25 mF (Becker and Guarente, 1991). Transformants were
selected on yeast plates lacking tryptophan, lysine, and uracil,
supplemented with 1 M sorbitol. Colonies that survived selection
were tested for correct integration by Southern blots after digestion
with several restriction enzymes (e.g., Figs. 3B and 3C) using a
probe derived from the mGATA-3 first intron (called pIn1*; Fig. 3A;
top line). Properly integrated clones were then counterselected by
plating on 5-FOA to select for excision of the targeting plasmid,
thus marking the GATA-3 YAC with the lacZ gene precisely
inserted at the translational start site of mGATA-3.
Pulse Field Gel Electrophoresis and Blot
Hybridization
CHEF gel electrophoresis (Bio-Rad) was performed using 1%
pulse field gel electrophoresis agarose gels (Bio-Rad) in 0.53 Tris–
borate EDTA (TBE) buffer at 14°C for the times suggested in the
CHEF DRII manual. For resolution of DNA up to 2 Mb in size, the
electrophoresis conditions were 120 V, 10–200 s ramped switch
time, for 22 h. To resolve fragments up to 0.5 Mb, the conditions
were 0.2–20 s ramped switch time for 18 h. The gels were
transferred to Zetaprobe GT nylon membranes using a pressure
blotter (Stratagene). Hybridizations were carried out using Quick-
hyb (Stratagene) at 68°C for 2 h or 0.5 M Na2HPO4, pH 7.2. and 7%
SDS as recommended in the Zetaprobe manual at 65°C for 12 h.
The blots were washed in: 40 mM Na2HPO4, 5% SDS, two times
each for 15 min and then 40 mM Na2HPO4, 1% SDS two times
each for 15 min and finally exposed for autoradiography. Probes
were generated by random primer labeling (Feinberg and Vo-
gelstein, 1983).
Preparation of High-Molecular-Weight DNA and
Restriction Digests
Yeast DNA and mouse genomic DNA (thymus) was prepared in
Bio-Rad low-melting-point agarose in Bio-Rad CHEF gel molds
using a modification of published procedures (Bio-Rad CHEF DRII
manual; Birren and Lai, 1994).
Large restriction fragments produced from the yeast genome
migrate more rapidly than their counterparts in the mouse genome
during PFGE (unpublished observations). This is likely due to the
much higher genome complexity of the mouse, and thus to some
extent, overloading in the lanes containing murine vs yeast DNAs.
To overcome this electrophoresis artifact, we increased the DNA
complexity in the high-molecular-weight yeast DNA plugs by
adding 106 CHO cells to the yeast cells. These high-molecular-
weight yeast and CHO cell DNA plugs were used only in Figs. 2C
and 2D.
For restriction enzyme digests, agarose blocks stored in 0.5 M
EDTA containing yeast DNA were washed three times for 60 min
in a buffer containing 0.05 M EDTA. The agarose blocks were next
equilibrated (two times for 30 min each) in 1 ml of the appropriate
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restriction enzyme buffer. SfiI partial digests were carried out in
100-ml reactions using decreasing enzyme concentrations (50-fold
steps) at 50°C for 4 h, at a starting concentration of 0.5 units/100
ml. The NotI partial digests were carried out in a similar fashion,
except that the digests were performed at 37°C. Complete NotI and
SfiI digests were carried out as described above using 10 units of the
respective enzymes for 14 h.
Isolation of YAC DNA for Microinjection
For YAC sizes smaller than 250 kb, agarose plugs were prepared
from yeast cultures in log phase with low melting point, pulse field
purity grade agarose (Bio-Rad); the final agarose concentration used
was 1% to cast the pulse field gels. The YAC was separated using
the CHEF DR III or CHEF Mapper (Bio-Rad) apparatus using
conditions optimized for individual YACs. For the 120-kb YAC, a
switch time of 14 s was used for 20 h with standard pulse field grade
agarose (Bio-Rad). After electrophoresis, the marker lanes were
separated from the rest of the gel (bearing the YAC DNA) and
stained with ethidium bromide to visualize the bands. The YAC
band was then marked with toothpicks and pieced together with
the unstained portion of the gel. The YAC band from the unstained
part of the gel was then excised and equilibrated with injection
buffer (10 mM Tris, 0.1 mM EDTA, 70 mM spermine, and 30 mM
spermidine) on ice for 2–24 h. The agarose was then digested using
b-agarase (NEB) at a concentration of 1 unit/100 ml of gel for 2 to
4 h. To concentrate the YAC DNA, the solution was centrifuged
through a Millipore centricon spin filter with a 100-kDa exclusion
limit. The integrity of the YAC DNA was checked by PFGE and
Southern blotting before microinjection. Transgenic mice were
generated by standard methods with the use of a wider than normal
bore for the injection needle to decrease shearing of the YAC DNA.
Transgenic Mice and Polymerase Chain Reaction
(PCR)
Recovered DNA was finally resuspended in microinjection
buffer [10 mM Tris–HCl (pH 7.5), 0.1 mM EDTA supplemented
with 70 mM spermine, and 30 mM spermidine] and injected at
various dilutions. Fertilized eggs from CD-1 mice (Charles River)
were used for microinjection and transferred into the oviducts of
pseudopregnant foster mothers (CD-1). Most foster mothers were
allowed to progress to term. Two- to 3-week-old pups were ana-
lyzed for transgenesis (Dillon and Grosveld, 1993; Hogan et al.,
1986). Embryos were stained for b-galactosidase activity as previ-
ously described (George et al., 1994).
Transgenic mice were identified by Southern blot and/or PCR
using lacZ primers [59-TACCACAGCGGATGGTTCGG-39 and
59-GTGGTGGTTATGCCGATCGC-39] that produce a 352-bp
band (Zimmerman et al., 1994). YAC left vector arm primers
[59-GTGATAAATTAAAGTCTTGCGCCCTTAAACC-39 and 59-
GCTACTTGGAGCCACTATCGACTACGCGAT-39] that pro-
duce a 204-bp band (Peterson et al., 1993) and right vector arm
primers [pLys-F (59-ACGGTGACTGTGAATGTTGCGG-39 and
pLys-R (59-TGCTTGGGAGTTGGGAATTGAAG-39)] that gener-
ate a 418-bp amplicon. The annealing temperature for the lacZ
primers was 58°C, the same as for the left arm primers, while the
annealing temperature for the right arm primers was 56°C. All PCR
was carried out in the buffer that was provided with AmpliTaq
DNA polymerase (Perkin Elmer).
RESULTS
Isolation of YACs Bearing the Mouse GATA-3
Locus
We initially screened two murine YAC libraries, prepared
from strains C57BL/6 or C3H (Larin et al., 1991), and
identified two YAC clones that hybridized to the
mGATA-3 probe (Materials and Methods), one from each
library. To determine the size of the YACs, agarose plugs
containing yeast DNA were analyzed by PFGE (Materials
and Methods). Both YACs comigrated with yeast chromo-
somes, and were visualized only after Southern blotting of
the pulse field gels The YAC from the C57BL/6 library
(designated YAC “B”) is about 825 kb (below), while the
YAC from the C3H library (designated YAC “C”) is ap-
proximately 485 kb. The filters were stripped and rehybrid-
ized with several probes from the locus, which hybridized
to the same bands as the YAC vector arm probes (data not
shown).
B1 Fragmentation of the GATA-3 YACs
To reduce the size of the YACs, we employed a fragmen-
tation strategy based on the sequence organization of B1
repetitive elements to generate ordered deletions (Heard et
al., 1994; Emanuel et al., 1995). B1 elements are mouse-
specific repetitive sequences interspersed throughout the
mouse genome, with an average dispersion interval of 20
kb. The YAC fragmentation vectors integrate by homolo-
gous recombination, and only at the B1 repeats present in
the YAC (since the B1 sequence is not in yeast DNA). These
randomly fragmented homologous recombinants were then
characterized to generate subclones of both YAC B and
YAC C (Figs. 1A and 1B) where the deletions share the same
centromeric YAC left vector arm, but have removed vari-
able amounts from the end bearing the noncentromeric
YAC right vector arm. This strategy led to the generation of
subclones that would both facilitate pronuclear microinjec-
tion (since they are smaller) and provide appropriate sub-
strate DNAs for subsequent mutagenesis, since the LYS2
selectable marker replaces URA3 (below). The YAC sub-
clones were electrophoresed on PFGE, blotted to nylon
filters, and then probed with radiolabeled fragments repre-
senting either the GATA-3 locus or the YAC vector arms.
To further characterize the structure of the clones, we
generated maps of the two parental YACs and a subset of
their subclones using partial digestion with NotI and SfiI
followed by PFGE (data not shown).
Transcriptional Orientation of the GATA-3 Locus
in the YACs
We took advantage of the presence of a single NotI
restriction enzyme site in the locus (referred to hereafter as
the “anchor” NotI site, located at 24.5-kb relative to the
transcriptional initiation site; George et al., 1994) to posi-
tion and orient the GATA-3 gene within the YACs. Total
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yeast DNA in agarose plugs was partially digested with
NotI and subjected to PFGE; Southern filters prepared from
these gels were then hybridized with various genomic and
vector probes, as described in the example below.
The mapping experiment depicted in Fig. 1C represents
partial NotI digests of YAC C subclones C4 and C31
hybridized to various genomic or vector probes (Fig. 1C,
panels 59N*, 39N*, L*). The “59N” probe (Fig. 2A, 59N*)
hybridized to a 35-kb NotI fragment as well as the 120-kb
parental band in clone C4 (Fig. 1C, 59N*, lane 4), while it
hybridized to the same 35-kb NotI fragment and a 280-kb
parent band in clone C31 (Fig. 1C, 59N*, lane 31). When the
filters were rehybridized to a probe lying 39 to the anchor
NotI site, clone C4 hybridized to an 85-kb NotI fragment
(Fig. 1C, 39N*, lane 4), while clone C31 hybridized to a
245-kb NotI fragment (Fig. 1C, 39N*, lane 31). The YAC left
vector arm probe shared homology with both the left and
new right vector arm introduced during generation of the B1
repeat; therefore, in addition to hybridizing to the parent
YACs, the probe also hybridized to the 35- and 85-kb NotI
fragments in clone C4 (Fig. 1C, L*, lane 4) and the 35- and
245-kb NotI fragments in clone C31 (Fig. 1C, L*, lane 31).
Similar experiments examining YAC B showed that the
59N* probe hybridized to a 450-kb NotI fragment and the
39N* probe hybridized to a 375-kb NotI fragment (below).
Since the NotI site is close to the structural gene, we were
also able to position the GATA-3 coding region inside both
YACs. In clone B, the coding region (described by the filled
box, Fig. 2A) is located approximately in the center, while
in clone C, the gene lies much closer to the YAC centro-
meric (left) vector arm.
A 1-Mb Contig of the GATA-3 Locus
The NotI and SfiI mapping of the two isolated YACs was
next compared to the chromosomal locus in CD1 mouse
genomic DNA, using probes derived both from the YACs
and from the previously characterized lambda clones (Ma-
terials and Methods; George et al., 1994). The reason for
exercising caution at this point arose from a concern that
the YACs might bear chimeric DNA molecules, including
sequences both from within the GATA-3 locus and unre-
lated DNA from other parts of the genome that had been
artifactually incorporated into the YACs during generation
of the libraries. When hybridized to probes immediately
flanking the anchor NotI site, the fragment sizes of the
YACs were found to be substantially smaller than the
genomic NotI DNA fragments flanking the gene, indicating
that the vector arms of both YACs were much closer to the
gene than either of the closest natural genomic NotI sites
(below).
In YAC B a probe recovered from the YAC B1 repeat
deletion subclone B143 (called p143*; Fig. 2A) hybridized to
the same 450-kb YAC NotI fragment as does the 59N probe
(called 59N*; Figs. 2A and. 2C, lanes 1 and 4) while the p125
probe (Fig. 2A) hybridized to the same 375-kb NotI band as
the 39N probe (Fig. 2C, lanes 7 and 10). The most 59 probe,
p138 (Fig. 2A) hybridized to a 450-kb NotI fragment in YAC
B (not shown) but did not hybridize to YAC C; the same was
true for probe p143 (Figs. 2A and 2C, lane 2). The 59N probe
(Fig. 2A) hybridized to both a 35-kb (complete) and 485-kb
(partial) NotI fragments of YAC C (Fig. 2C, lane 5 (*)
indicates partially digested DNA), while the 39N probe and
FIG. 1. B1 Repeat deletions of YAC “B” and YAC “C” and transcriptional orientation of the GATA-3 gene. (A and B) A typical array of
subclones generated from YAC B and C targeted with the B1 repeat vector, pB1F, were grown on selective media, lysed, subjected to PFGE, blotted
to nylon, and hybridized to a YAC left vector arm probe (L*; Fig. 2A). (C) Mapping of the YAC C4 and YAC C31 subclones. In 59N*, 39N*, L*,
lanes 4 and 31 represent B1 repeat subclones C4 and C31 DNA partially digested with NotI and hybridized with the probes 59N*, 39N*, L*,
respectively (Fig. 2A, Materials and Methods). In the C4 and C31 subclones, the parental right vector arm was replaced by a new arm, which in
addition to the LYS2 gene and telomere, also contains the ampicillin resistance gene and plasmid origin of replication. The mapping indicates that
the gene is oriented with the 59 end nearer the left vector arm and the 39 end toward the right vector arm. The sizes of the NotI fragments indicate
that YAC C contains approximately 35 kb 59 and 450 kb 39 relative to the NotI site (Fig. 2A, labeled bold N).
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FIG. 2. The “B” and “C” mGATA-3 YACs represent approximately 1 Mb of contiguous genomic DNA. (A) Restriction enzyme maps of
YACs B and C and their B1 repeat deletions. The single NotI site in the locus is located 4.5 kb 59 to the GATA-3 mRNA cap site (George
et al., 1994; designated by an “N” below the line measuring the approximate size of the locus, in kilobase pairs), while SfiI sites are dispersed
throughout the locus (“S”). L* and R* refer to the left and right YAC vector arms, respectively. By cloning the right vector arms, plus
flanking DNA, from four YAC B B1 repeat subclones (B138, B143, B131, B125), unique single copy probes representing different positions
within the locus were generated (p138*, p143*, p131*, and p125*, in 59 to 39 transcriptional sense, respectively, in A; Materials and
Methods). (B) YACs B and C as well as their B1 deletion subclone products are ordered to show their approximate positions and sizes. L*
and R* refer to the left and right YAC vector arms, respectively. (C) YACs B and C (B) as well as mouse thymus DNA were embedded in
agarose plugs, digested with NotI, subjected to PGFE, blotted to nylon, and then hybridized to the radiolabeled probes shown below each
panel (Materials and Methods; A). The NotI site bisects the locus (A), and thus p143* hybridizes to a 450-kb fragment in YAC clone B (lane
1) but does not hybridize to YAC C (lane 2), and probe 59N* hybridizes to the same band as does p143* (lane 4). The 59 N* probe hybridizes
to a 35-kb band in YAC C (lane 5) as well as to a 480-kb partial digest product (indicated by an asterisk). Both p143* and 59N* probes
hybridize to a 1-Mb fragment in thymus DNA (lanes 3 and 6). Probes 39N* and p125* (A) hybridize to a 375-kb fragment in clone B (lanes
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p125 (Fig. 2A) both hybridized to a common 450-kb NotI
fragment (Fig. 2C, lanes 8 and 11). All probes lying 59 to the
anchor NotI site (59N*, p143*, p138*; Fig. 2A) in the locus
hybridized to a 1-Mb band in genomic DNA (Fig. 2C, lanes
3 and 6), whereas all 39 probes (39N*, p131*, p125*; Fig. 2A)
hybridized to a 2-Mb genomic band (Fig. 2C, lanes 9 and 12).
Similarly, comparable SfiI mapping data on the two YAC
clones and genomic DNA (Fig. 2D) showed that all of the
probes hybridize to bands that would be anticipated if the
YACs were contiguous in mouse genomic DNA. We con-
cluded that both the B and C parental YACs represent
contiguous segments of the GATA-3 locus, and describe
almost 1 Mb of DNA surrounding the mouse GATA-3
structural gene (Fig. 2A).
Generation of Modified YACs Using Homologous
Recombination in Yeast
We next wished to test a subset of the YAC B1 subclones
for two purposes. First, we wished to generate LacZ recom-
binants to be able to trace the expression of the YACs in
transgenic animals and to compare the expression of the
reporter YAC to the in vivo expression pattern (George et
al., 1994). Second, if the YAC reporter were able to com-
pletely recapitulate the endogenous profile, it might be
useful to have the gene flanked by loxP sites to enable
conditional inactivation (Furth et al., 1994; Gu et al., 1993,
1994). To generate the loxP and lacZ YACs, two yeast-
targeting vectors, called loxP YIP and lacZ YIP, were
prepared. The targeting vector, loxP YIP, consisted of a
tandem duplication of loxP sequences flanking the GATA-3
second exon which contains the translational start site. In
addition to the loxP sites, an XhoI site (Fig. 3A) was
introduced at the beginning of the second intron to distin-
guish the integrated YAC transgene from the endogenous
mouse GATA-3 gene. The yeast-targeting vector, lacZ YIP,
contains the lacZ gene inserted in frame at the mGATA-3
translational initiation codon in exon 2 (Materials and
Methods). The targeting vectors were linearized to direct
homologous integration into the second intron of
mGATA-3 (loxP YIP 5 targeting: Fig. 3A, top; Winston et
al., 1983; Bungert et al., 1995); transformants were then
selected on ura2 plates. After recovering clones which grew
on selective media, properly targeted clones were verified
by Southern blotting (data not shown). Since homologous
integration of the vector results in a duplication of se-
quences separated by the URA3 gene in the targeting plas-
mid (Fig 3A; center), 5-FOA counterselection against the
URA3 marker was used to initiate homologous excision of
the original targeting plasmid, resulting in the generation of
YAC DNAs in which the loxP sites (Fig. 3A; bottom) or the
lacZ gene (not shown) was inserted with no loss of (possible
regulatory) sequence information from the YACs.
3YAC clones obtained from the targeting of loxP YIP into
clone C4 (Fig. 2A) were digested with SacII or XhoI (Fig. 3B)
and hybridized to a probe from GATA-3 Intron I (Fig. 3A,
top line) to verify homologous excision. The clones that
gave correct excision in these digests (yielding a 0.78-kb
fragment after SacII digestion and a 4.4-kb fragment after
XhoI digestion; Fig. 3B, lanes 1, 2, 10, 12, and 13) were used
in later experiments. Similar digests and Southerns were
carried out to determine properly targeted clones using lacZ
YIP 5 (data not shown).
We tested the substrate specificity of the loxP sites by
introducing a Cre expression plasmid into yeast cells har-
boring several of the loxP YACs. Yeast cells carrying
C4loxP YAC were transformed with a PGK2directed cre
expression plasmid (Materials and Methods) and grown on
lysine, tryptophan, and uracil-deficient plates. Surviving
colonies were digested with EcoRI and then examined for
excision of sequences between the loxP sites on Southern
blots using the pln1 probe (Figs. 3A, top line, and 3C). The
surviving YAC clones no longer contained exon 2 (Fig. 3C,
lanes 1 to 6), demonstrating that the loxP sites introduced
into the YACs were functional in vivo.
GATA-3 Expression from a 120-kb YAC Reporter
Transgene
We chose to first examine the expression characteristics of
the C4 YAC (Fig. 2B; labeled C4) targeted with the lacZ gene
to determine whether it would reflect the endogenous
GATA-3 expression pattern, principally because it was the
smallest YAC subclone we recovered that still contained the
complete coding region for GATA-3 as well as significant 59
(35 kb) and 39 (60 kb) flanking sequence. Seventeen lines of
mice bearing the C4lacZ YAC transgene weregenerated using
standard microinjection procedures (Bungert et al., 1995).
Three of the transgenes were missingthe PCR product for the
lacZ gene and were not characterized further. Each of the
remaining 14 stable lines was characterized by PCR, Southern
blotting, and PFGE; a summary of the C4Z transgene physical
characterization and expression characteristics is shown in
Table 1 and presented in detail below.
7 and 10), while the same two 39 probes hybridize to a slightly larger fragment (450 kb) in clone C (lanes 8 and 11). Both probes hybridize
to a band which nominally migrates as a 2-Mb fragment in genomic DNA (lanes 9 and 12), but this band is not well resolved in this size
range and thus 2 Mb represents only an approximation of the actual size of the NotI genomic fragment containing the GATA-3 structural
gene. (D) Digests of the agarose plugs were repeated using SfiI and electrophoresed on a second pulsed field gel (changing the pulse interval
time to resolve smaller fragments), and then the blot was hybridized to the same probes used in panel B. Note the precise coincidence of
the bands between YAC clone B and genomic thymus DNA in p143* ( lanes 1 and 3), 59N* (lanes 4 and 6), 39N* (lanes 7 and 9), and p125*
(lanes 10 and 12). Lanes 5 and 8 show partial SfiI digest patterns (indicated by an asterisk).
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The C4lacZ YAC was found to express b-galactosidase
in multiple transgenic lines at numerous places that were
determined previously (by in situ hybridization; George
et al., 1994) to be bona fide anatomical expression sites,
and that had not previously been identified after micro-
injection of plasmid reporter transgenes (Lieuw et al.,
FIG. 3. Using homologous recombination in yeast to generate modified YACs. (A) Loxp sites were cloned to flank exon 2 of the mGATA-3
genomic locus in a YIP5 vector (see Materials and Methods). A SacII (labeled S) and XhoI (labeled X) site was also introduced in intron 1
and intron 2 of the targeting vector respectively to later distinguish the YAC transgene from the endogenous GATA-3 gene in the mouse
genome. The plasmid was digested with SpeI, which has only a single recognition site, and then the linear DNA was electroporated into
yeast bearing (in this example) YAC subclone C4. Transformants were selected on yeast plates lacking tryptophan, lysine, and uracil
supplemented with 1 M sorbitol. Colonies (e.g., colony P in B) that survived selection were tested for homologous integration by Southern
blot hybridization using a probe derived from the mGATA-3 first intron (A; labeled pln1* top). Correct integrant clones were then
counterselected by plating on 5-FOA to select for excision of the targeting plasmid. (B) The correct recombinants were selected by Southern
blots. Several of the clones that survived 5-FOA selection were picked and digested with SacII (S) or XhoI (X) (as depicted in the panel) and
probed with pIn1* (A; labeled pln1*, top). The correct recombinants hybridize to a .780 kb fragment (lanes1, 2, 10, 12, and 13) in a SacII
digest and 4.4 kb fragment in an XhoI digest (lanes 1, 2, 10, 12, and 13). (C) The mGATA-3 YACs retrofitted with loxP sites (mGATA-3 loxP
YAC) were transformed with a Cre expression vector. The Cre expression vector utilized a uracil selection marker, and so the transformed
mGATA-3 loxP YAC clones were plated on uracil-deficient plates (Materials and Methods). The colonies that grew on uracil-deficient
plates were digested with EcoRI (as depicted in the panel) and probed with pIn1* ( A; labeled pln1*, top). Cre recombinase acting on directly
repeated loxP sites would be expected to delete exon 2, and colonies deleted for exon 2 hybridize to a 2.3-kb restriction fragment (lanes L1,
L2, L3, L4, L5, and L6; lane C is the control, a mGATA-3 loxP YAC clone that was not transformed with the Cre recombinase plasmid).
Recombination appears to be incomplete in lanes L4, L5, and L6.
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1997). Prior to e7.5, the YAC is not expressed in the
embryo itself, while intense b-galactosidase activity is
detected in the ectoplacental cone, which gives rise to
continued expression in the placenta (Fig. 4A; George et
al., 1994; Ng et al., 1994; Ma et al., 1997). By e8.75, the
pattern becomes established in the embryo and expands
into the branchial arches (ba) and the tailbud (tb), coin-
cident with the in situ pattern (Fig. 4B; George et al.,
1994; Ng et al., 1994; Oosterwegel et al., 1992). By e11,
strong expression expands further into the CNS (in the
midbrain, hindbrain, and spinal cord; mb, hb, and sc,
respectively), again mimicking the mRNA localization at
these same sites, and the pattern is unchanged at e13
(Figs. 4C and 4D; George et al., 1994). Thus the expres-
sion of the C4lacZ YAC reporter transgene from early to
midgestation corresponds well to the temporal and
tissue-specific pattern observed by mRNA in situ hybrid-
ization (Table 1), with the exception that detailed exami-
nation of the lines revealed infrequent YAC expression in
craniofacial ganglia. Furthermore, lacZ was never ex-
pressed in internal organs where GATA-3 is normally and
prominently expressed (e.g., in the kidney, adrenal gland,
or thymus; George et al., 1994). These data indicate that
while sequences within the 120-kb C4 YAC confer ex-
pression at many of the sites of normal mGATA-3
expression, and adds other normal sites of expression
over those detected by smaller plasmid transgenics (for
example, in the CNS; George et al., 1994; Lieuw et al.,
1997), it does not completely recapitulate GATA-3 tran-
scriptional control (Table 1).
Rescue Potential of the 120-kb mGATA-3 YAC
Since the expression sites missing from the GATA-3
YAC were not structures in which their loss would lead to
embryonic death, we tested the 120-kb YAC transgene for
its rescue potential. To ask whether this YAC might
overcome the embryonic lethality caused by the GATA-3-
targeted mutation (Pandolfi et al., 1995), C4loxP (Fig. 3A)
was isolated and injected into fertilized mouse oocytes to
generate transgenic YAC lines with a wild-type GATA-3
locus (mGATA-3(1/1)::C4loxP). Three founder lines were
generated and mated with heterozygous germ line mutants
(mGATA-31/2) to generate heterozygous compound mu-
tants (mGATA-3(1/2)::C4loxP). These were mated in turn
to heterozygous mutant GATA-3 females to assess the
ability of this 120-kb YAC to complement the GATA-3
homozygous germ line null mutation. The introduction of a
XhoI restriction enzyme site in the second intron of the
GATA-3 locus in the YAC (Fig. 3A) facilitated distinction
between the three different GATA-3 alleles (wild type,
germ line mutant, and YAC; Fig. 4E).
No GATA-3 homozygous mutants (GATA-3 2/2) or
compound homozygous mutants (mGATA-3(2/2)::C4loxP)
were found in 97 live births from heterozygous matings
between three independent GATA-3 YAC lines (Table 2).
We concluded that the C4 YAC was unable to complement
the embryonic lethality caused by homozygous germ line
ablation of GATA-3. We next collected embryos from the
same parental intercrosses, ranging in age from e10.5 to
16.5 from all three lines. As previously observed, by e11,
TABLE 1
Characterization of the C4 lacZ Transgenes in Transgenic Lines
C4lacZ
line No.
Transgene
copy No.a
lacZ
geneb
YAC left
armb
YAC
rt. armb BAc CNSc ICMc
6 1 1 1 2 2 2 2
17 5 1 1 1 1 1 2
37 1 1 1 1 1 1 2
38 1 1 1 1 1 1 2
47 1 1 1 1 1 1 2
52 1 1 1 1 1 1 1
56 4 1 1 1 1 1 2
62 2 1 1 1 1 1 2
66 2 1 1 1 1 1 2
94 1 1 1 2 2 1 2
109 1 1 2 2 1 1 2
111 1 1 1 1 1 1 1
113 1 1 1 2 1 1 1
146 1 1 1 1 1 1 2
a Characterized by Southern blot analysis, followed by PhosphorImager quantification, of a GATA-3 probe that detects both the
endogenous (diploid) as well as transgene copies.
b PCR analysis for the left or right YAC vector arms, or the lacZ gene, in each line (Materials and Methods).
c Expression of each of the transgenic lines in the branchial arches (BA), midbrain, hindbrain and spinal cord (CNS) and intercostal
muscles of the ribs (ICM).
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GATA-3 2/2 embryos began to display growth retardation,
intense red blush in the peritoneal cavity as well as the
head, and jaw and CNS abnormalities (Fig. 4G, the jaw
abnormality is highlighted by a solid arrow); by e12.5, no
live homozygous mutant GATA-3 embryos were found
(Pandolfi et al., 1995). To the contrary, none of the
mGATA-3(2/2)::C4loxP embryos displayed growth retar-
dation, craniofacial abnormalities, or CNS abnormalities
(Figs. 4H and 4I; again, the jaw is highlighted by a black
arrow) while they still exhibited the intense red blush
attributed to internal hemorrhage (Figs. 4H and 4I; white
arrows). Most of the YAC-complemented homozygous mu-
tant embryos survived until e13.5 but not beyond, thus
rescuing the initial embryonic lethality and extending fetal
life for approximately 2 days beyond the point where germ
line homozygous loss of GATA-3 appears to be first re-
quired (Table 2).
DISCUSSION
GATA-3 is expressed in a precise spatial, temporal, and
tissue-specific manner during embryogenesis. Homozygous
loss of GATA-3 by germ line gene targeting allows embryos
to survive only until about e11, and the affected embryos
suffer multiple anatomical defects, including partially pen-
etrant phenotypes of malformation of the spinal cord,
midbrain, and jaw (Pandolfi et al., 1995). The homozygous
mutant embryos also suffer other fully penetrant defects at
the time of demise in utero (either in blood vessel formation
or in the connections between internal organs). Addition-
ally, from other studies we know that deficits in GATA-3
function which are detected only well after the develop-
mental time at which the null mutation exerts its first
phenotypic manifestations (e.g., during T cell differentia-
tion; Ting et al., 1996; Zheng and Flavell, 1997) would
likely display the same defects in vivo if the mutant
animals were able to survive to that point in development.
In this study we have identified and characterized two
YACs containing the GATA-3 locus. The use of these YACs
as transgenes in mice describes a direct strategy for poten-
tial rescue of embryonic lethal mutations. We initially
focused on use of the YACs as reporter genes for several
reasons, the most obvious of which was that YACs have
been used successfully to rescue a number of other genes.
Second, we hoped to generate initial evidence that a poten-
FIG. 4. C4 YAC transgene: expression pattern and homozygous mutant mGATA-3 (2/2) rescue. (A) A series of embryos derived from
transgenic line C4Z17 (Table 1) were taken after timed matings and stained for whole-mount b-galactosidase activity (Materials and
Methods). (A) Two e8.5 embryos: the nontransgenic embryo (top) does not stain, while its transgenic littermate (bottom) expresses lacZ in
the ectoplacental cone (ec, to the right). Note also that the embryo does not express b-galactosidase at this stage. (B) A e9 embryo showing
early lacZ expression in the branchial arches (ba) and in the tail bud (tb). Note the staining in mesenchymal cells emerging from the tail
bud. (C) A e11 embryo, showing strong lacZ expression in the midbrain (mb) and the spinal cord (sc) in addition to the genital tubercle (gt),
branchial arches (ba), and eye (ey). There is no cranial ganglia expression in the C4Z17 line, although it was observed in other C4Z lines
(below). (D) A e13 embryo displaying b-galactosidase expression in the CNS, but the branchial arch expression detected in C. has now
diminished as the branchial arch develops into other craniofacial structures. Staining can still be seen, although difficult to visualize in this
lateral view of this older, larger embryo, in sites such as the jaws, palate, genital tubercle, and in the eye (not shown). (E) Southern blot
displaying the different genotypes generated from a GATA-3 1/2 X GATA-3 1/2:: YAC lox intercross. The lanes are labeled with the
corresponding genotypes. (F) A GATA-3 1/1 (wild-type) embryo at e11.5. (G) A GATA-3 2/2 embryo at e11.5. A solid black arrow indicates
the severe jaw defects. (H and I) GATA-3 2/2: YAC lox embryos at e11.5 and e13, respectively. The black arrow points to the normal jaw
development, while the white arrows point to the generalized red blush attributed to hemorrhage in the embryos.
TABLE 2
GATA-3 C4 YAC Rescue of the GATA-3 (2/2) Phenotype
Age
No.
litters
No. of
pups
Genotypes: No. of live pups
1/1 1/2 2/2 1/1YAC 1/2YAC 2/2YAC
e12.5 1 4 0 1 0 0 3 1
e13.5 5 45 4 16 0 5 15 5
e14.5 2 16 1 4 0 2 9 0
e16.5 1 7 0 1 0 1 5 0
PO 6 42 6 13 0 7 16 0
Total 15 114 11 35 0 15 48 6
Note. Viability and genotypes of embryos and pups derived from intercrosses: mGATA-3 (1/2) 3 mGATA-3 (1/2)::GATA-3 YAC C4.
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tially rescuing transgene would faithfully reflect the gene’s
normal expression pattern by characterization of the YAC
as a reporter gene and comparing this expression pattern to
the endogenous profile.
One somewhat surprising result from these initial studies
was that a 120-kb YAC reporter transgene did not appear to
harbor enough sequence information to completely reca-
pitulate the GATA-3 expression pattern. We showed that
this 120-kb YAC transgene confers expression in the CNS
and placenta, where GATA-3 is known to be abundantly
transcribed (George et al., 1994; Ma et al., 1997), but
anatomical sites which were not controlled by sequences
present in the approximately 6 kb of DNA surrounding the
mGATA-3 transcription initiation site (Table 2; Lieuw et
al., 1997). Curiously, the PNS pattern in craniofacial gan-
glia detected by the smaller plasmid transgenes is only
weakly and infrequently detected using the 120-kb YAC
reporter transgene (Table 1), possibly indicating the pres-
ence of other regulatory elements in the YAC that exert a
negative influence over GATA-3 transcription in the PNS.
GATA-3 homozygous mutants die at about the time
when placental circulation becomes important to survival
of the embryo (e10.5; Copp, 1995). Is placental expression of
GATA-3 critical for development? To answer this question
we used the YAC to complement placental expression of
GATA-3 in the null mutant embryos. In multiple trans-
genic lines, this YAC overcomes the initial embryonic
lethality caused by the early absence of GATA-3, suggesting
that the placental expression of GATA-3 may be one crucial
execution point for GATA-3 function (Ma et al., 1997; Ng et
al., 1994). The YAC also rescues the CNS abnormalities
detected in the GATA-3 homozygous mutants (Pandolfi et
al., 1995), as anticipated from its expression pattern.
The data presented here suggest that expression of the
transgene in several specific tissues is principally controlled
by positive transcriptional regulatory elements (with the
possible exception of regulation in the PNS; see above),
since extending the sequences under scrutiny from those
lying very close to the gene (Lieuw et al., 1997) to ones lying
substantially further away adds to the pattern and consis-
tency of expression established by smaller constructs. A
second conclusion from these data is that the positive
regulatory elements appear to be discrete, since addition of
new segments of DNA to those analyzed previously confers
new and reproducible b-galactosidase accumulation at sites
where GATA-3 is normally expressed (George et al., 1994).
Finally, those elements lying more than 35 kb 59, or 60 kb
39, to the GATA-3 structural gene must still be able to
tissue-specifically and temporally specifically activate the
GATA-3 promoter. To define these elements, we plan to
use some of the larger YACs generated in this study,
employing the same basic strategy outlined here. One
prediction of this evolving strategy is that a YAC that is
able to recapitulate the complete endogenous expression
pattern of GATA-3 should be able to fully rescue the
embryonic lethality caused by GATA-3 homozygous germ
line mutation.
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